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REMARKS/ARGUMENTS 

The Examiner's attention to the present application is noted with appreciation. 

Objection to the Specification. The specification has been amended and arranged as 
suggested at pages 2 and 3 of the Office Action. It is noted that the text under "BRIEF DESCRIPTION OF 
THE DRAWINGS" is directly derived from the specification, and no new matter is added. 

The title is amended, to "Bleomycin and Virus-Inhibiting Combination Pharmaceutical Composition 
and Methods." It is submitted that this title is descriptive. 

35 U.S.C. § 112, Second Paragraph, Rejection of claims 1 - 6. Claims 1 - 6 were rejected as 
being indefinite for failing to particularly point out and distinctly claim the subject matter. The claims have 
been extensively amended, and it is submitted that this ground of rejection has been overcome. 

35 U.S.C. § 112, First Paragraph, Rejection of claims 1 - 6. Claims 1 - 6 are rejected as 
containing subject matter which was not described in the specification in such a way as to enable one 
skilled in the art to which it pertains, or with which it is most nearly connected, to make and/or use the 
invention. This is an enablement rejection. 

It is initially noted that claims 1 - 7 as amended are drawn to a "pharmaceutical product." 
Additionally, the scope of claim 1 has been narrowed to bleomycin in combination with a virus-inhibiting 
agent. Such a combination is specifically shown in the Examples (specification at 10, lines 21 - 24). 

MPEP § 2164.08 makes clear that "[a]ll question of enablement are evaluated against the claimed 
subject matter. The focus of the examination inquiry is whether everything within the scope of the claim is 
enabled." The scope of claims 1 - 7 are a "pharmaceutical product", specifically one which comprises 
"bleomycin" and a "virus-inhibiting compound." The specification teaches such a specific pharmaceutical 
product (see, e.g., specification at 10, lines 21 - 24) which was actually made. Additionally, there is 
nothing in the combining of two ingredients to make a novel pharmaceutical product which is uncertain or 
would require undue experimentation. While the question of utility under section 101 is separate from 
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enablement under section 112, there is no doubt that in vitro results are sufficient to establish utility. See, 
e.g., MPEP§2107 (c). 

With respect to claims 8 - 13, it is noted that the claims are drawn narrowly to bleomycin and a 
virus-inhibiting compound. Bleomycin is well known as a chemotherapeutic agent, and is well 
characterized. The two specific virus-inhibiting compounds disclosed, ritonavir and dideoxinosine, are 
both known pharmaceutical compounds, used in the treatment of HIV infection. Thus the concerns raised 
in the office action, e.g., "exposure to the target site", "biological stability", "half-life," "clearance," potential 
"proteolytic degradation or immunological activation", "inability to penetrate tissues or cells", and so on are 
not relevant. Bleomycin has long been used in treatment of various cancers. Virus-inhibiting compounds 
have long been used in treatment of HIV infection and other viral diseases. Given the narrow nature of 
the claims, the specification is enabled. There would be no undue experimentation. Patients with HIV 
infection are commonly given virus-inhibiting compounds; practice of the invention simply involves 
administration of a second and very specific drug, bleomycin. It is difficult to hypothesize a simpler and 
more straight-forward factual scenario for a novel method of treating a disease where, at the time of the 
filing of the patent application, there was not yet human clinical data. 

Claims 14 to 27 are similarly narrowly drawn to an iron chelator that is hydroxypyridinon, such as 
deferiprone, in combination with a virus-inhibiting compound. Hydroxypyridinons, such as deferiprone, are 
similarly known agents and are well characterized and studied. 

35 U.S.C. § 102(b) Rejection of claims 1 - 2. Claims 1 and 2 are rejected as being anticipated 
by Tabor et al. This rejection is respectfully traversed. Claim 2 has been canceled, and claim 1 amended 
such that it is limited to bleomycin, and not an iron chelator generally. Tabor et al. teach, as the Office 
Action notes, hydroxamate derivatives such as deferoxamine. The claim as amended is drawn to 
bleomycin, which is neither suggested nor taught by Tabor et al. Similarly, claims 14-27 are directed to 
an iron chelator that is hydroxypyridinon, such as deferiprone. A hydroxamate derivative is chemical 
different and distinct from a hydroxypyridinon. 
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35 U.S.C. § 102(b) Rejection of claims 1, 2, 5 and 6. Claims 1, 2, 5 and 6 are rejected as being 
anticipated by Malley et al. This rejection is respectfully traversed. Claim 1 has been amended, such that 
it is limited to bleomycin, and not iron chelators generally. As with Tabor et al., Malley et al. specifically 
teach use of hydroxamate compounds, and neither teaches nor anticipates use of bleomycin. Similarly, 
claims 14 - 27 are directed to an iron chelator that is hydroxypyridinon, such as deferiprone. A 
hydroxamate derivative is chemical different and distinct from a hydroxypyridinon. 

35 U.S.C. § 103 Rejection of claims 1 - 4. Claims 1 - 6 are rejected as obvious over Malley et al. 
in view of Sham et al. This rejection is respectfully traversed. Sham et al. teach use of retonavir. Malley 
et al. teach use of hydroxamates. Claim 1 , as well as new claim 8, is drawn to a product and method, 
respectively, using bleomycin. New independent claims 14 and 20 are drawn to a product and method, 
respectively, using a hydroxypyridinon, such as deferiprone. 

Thus the invention as now claimed is not obvious over prior art teaching hydroxamates. 

The prior art with respect to hydroxamates does not make obvious use of bleomycin. 
Hydroxamates chelate iron and thereafter protect against hydrogen peroxide-induced activation of HIV-1, 
as taught by Sappey et al. (AIDS Research Human Retroviruses) (copy enclosed, see abstract and page 
1058, second column). In contrast, it is known that bleomycin chelated iron increases the formation of 
oxygen radicals, including superoxide, H 2 0 2 . See, e.g., Day et al. (Am J Physiol Lung Cell Mol Physiol) 
(copy enclosed, see page L1342, second column, first full paragraph. 

The difference in pharmacological and physiological action between hydroxamates and bleomycin 
may be seen by examining Fig. 4 of the application and the text at page 9, line 25 through page 10, line 5. 
Comparing deferoxamine (panel A) with bleomycin (panel C), it is seen that while both decreased viral 
replication (p24 antigen panel), deferoxamine caused significant lymphocyte cytotoxicity (viable cell count 
panel) while bleomycin did not (viable cell count panel). Compare also Fig. 1 (deferoxamine cell count 
and proliferation) with Fig. 3 (bleomycin cell count and proliferation). As stated in the specification at 2, 
lines 23 - 25, bleomycin inhibited viral replication without affecting lymphocyte proliferation. Thus, the 
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specification provides evidence that inhibition of HIV-1 proliferation by bleomycin proceeds via a different 
pathway from that of hydroxamates such as deferoxamine. 

Finally, the combination index (see Fig. 6) for bleomycin and ritonavir shows a synergistic effect 
between the two active ingredients. 

Similarly, there is no teaching or suggestion in the prior art of record that a hydroxypyridinon could 
be substituted for a hydroxamate in the treatment of viral diseases such as HIV infection. 

Conclusion. In view of the above amendments and remarks, it is respectfully submitted that all 
grounds of rejection and objection have been avoided and/or traversed. It is believed that the case is now 
in condition for allowance and same is respectfully requested. 

If any issues remain, or if the Examiner believes that prosecution of this application might be 
expedited by discussion of the issues, the Examiner is cordially invited to telephone the undersigned 
attorney for Applicant at the telephone number listed below. 

A check for additional claims is enclosed. Also being filed herewith is a Petition for Extension of 
Time to August 1 1 , 2004, with the appropriate fee, Authorization is given to charge payment of any 
additional fees required, or credit any overpayment, to Deposit Acct. 13-4213. 



PEACOCK, MYERS & ADAMS, P.C. 
Attorneys for Applicant(s) 
P.O. Box 26927 

Albuquerque, New Mexico 87125-6927 

Telephone: (505) 998-1500 
Facsimile: (505) 243-2542 

Customer No. 005179 

[G:\AMDS\Los&Stig\Van Asbeck HIV 579 OAR.doc] 



Respectfully submitted, 




Stephen Al Slusher, Reg. No. 43,924 
Direct line: (505) 998-6130 
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ABSTRACT 

Aa important aspect of human ImmunodeQuency virus (HTV-1) infection is the regulation of its expression 
by nuclear factor *B (NF-#eB) through rcdox-controUed signal transduction pathways. In this study, we demon- 
strate that iron chelation hy deferoyamine (DFO) protects against the eytntmdc and reacuvadns effects of hy- 
drogen peroxide (H2O2). These protective effects were observed both In lymphocytic (ACH-2) and promono- 
cytic (Ul) cells latently Infected by IHV-1. Concomitantly, NF-kB activation by E z O i7 when followed by gel 
retardation assay, was decreased in the DFO-treated Ul and ACH-2 cells. This latter OFO-mediated effect 
was specific, as DFO did not clearly affect AP-1 DNA-binding activity when studied after H 2 Oriflduccd sinaa. 
More importantly, DFO protected against the H:Orto flUCed activation of HTV-1 as evidenced by reverse tran- 
scriptase activity In the supernatant. DFO also protected against PMA-induced NF-kB activation as well as 
TNF.ff-induced HIV-1 activation. Furthermore, DFO attenuated the p24 response in PBMC infected with 
HTV-l and stimulated with IL-2. These different effects of DFO were obtained at DFO concentrations lower 
than 5 fsM. Other chemically unrelated Iron chelators also provided protection against cytotoxicity, NF-kB 
activation, and HTV-1 activation in Ul cells challenged with HjO = . 



INTRODUCTION 

Immunodeficiency caused by the Human immuflcdetidency 
virus type \ (HTV-1) 13 a multiphasic and multifactorial dis- 
ease 1 that is ibe result of a systemic process thai begins at the 
time of primary infection. This disease is characterized by a 
prolonged period of clinical latency thai contributes to the prop- 
agaliou of HIV infection and to iuimmie dyarcgulaiiuu.* Studies 
from several I*tor»ic»ries indicate that HIV-1 gene expression 
can he controlled by intracellular transduction pathways thai 
are redox-mguUi*d. implying that oxidative stre« conditions 

may play an important role in the pathogenesis of AIDS. 5,4 Ihis 
conclusion is supported by the observation that (1) HTV-1 in- 
fected individuals have abnormally low levels of antioxidant 
defeases 4 - 6 and (2) HIV-1 gcoc activation and virus replication 
in human T rail* can hp. irutiir«rf by reactive, oxygen species 
(ROS) such as hydrogen peroxide (H2O2). 7 * Moreover, MTV- 
1 activation mediated by ROS can be reduced i* vitro by an- 
□oxidants such as rV-aee<yl-l.«cystetoe (NAC), 9 - 10 which re- 



plenish the iDTacelluUr level of reduced gluLukioce (OSH) and 
by fiaUnium supplementation, which stimulates glutathione 
peroxidase activity. 11 Toe intracellular GSH concenaadon in T 
cells seem s to constitute the central mechanism for modulating 
responses elicited by anrigens and cytokines. 12 At flJZfl GSH 
concentrations, proliferation and mitogenic stimulations will be 
favored wherau at low GSH concenmcons. inilajnmatory- 
typc responses thai involve ibe iuducuon of transcription fac- 
tor NF-xB are more likely to occur. 13 These GSH-regulated 
funcrional differences could underlie major aspa;u of HIV-1 
infection. Such patients tend to have low levels of extracellu- 
lar thiols. 14 substantial decreases in median intracellular GSH 
levels in both CD4* and CD8 + T cells, 13 and »aw*d apop- 
torie activiiy. 10 

Because HTV-1 u tilize s uvruial intracellular signaling path- 
ways to regulate its expression, considerable interest has re- 
cently been focused on the role that selected hust uanscripuooal 
factors may play in its initial activation by interacting with thft 
long tenwnal repeat (LTK) of the integrated provlrus. 17 
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Trdiiscii^uond flciivttuon of die LTR largely depends on a ma- 
jnr *nhancw made up of two directly repeated sequences able 
to respond to the iransalption factor NF-kB.' 7 - 18 for UUs DNA 
binding to occur and HIV. I transcription to b» initiated, MF- 
*B (usually associating p50 and p65 subunits) must be translo- 
cated into the nucleus from (he cytoplasm, where it 13 normally 
retained by interaction witb rts inhibitory subunit, named 
J*B, 19 20 Functionally active NF-nB complexes arc induced af- 
ter cellular activation through the CD3-T cell receprnr complex 
in T-lyiuphoc/tes. in icayoti*e 10 auugeu rcLugruuon 31 22 or fol- 
lowing stimulation with other inducers such as phorbol e*te«, 
ac lex ted cytokines, or hpopolysaccharide !n both lymphocytes 
and monocyte-macrophages. 23 ^ Treatment of T-lymphocytas. 
wiLh HjOj induces ine nuclear appearance of NF-*B and its 
binding to DNA- responsive elements. 8 followed by a tran- 
scriptional activation of the proviral DNA in cells lateody in- 
fected with hiv-i. 7 

Oxidative damage can be prevented or at least minimi7erl, 
by a variety of enzymatic and jioijcutyiuatic defease systems. 35 
Prominent among the former are superoxide dismutase and 
caulasc. which scavenge CV and H 2 0 2t respectively. 25 
Glutathione (GSH)-dependent selenoperoxidasas reduce and 
detoxify H2O2 and a variety of organoperoxides, including 
lipid-derived species. 26 Iron also seems to play a central role in 
oxidative stress by being a catalyst of the superoxide-driven 
Habcr-Wciss reaction, which generated hydroxyl radicals 
(OH ). 27 The hydroxyl radical is a highly reactive radicular 
species that abstracts hydiogcn atom* Luiu a large variety of 
hiolngiral motacnlfts. initiating numerous damaging events such 
« lipid pcruAidarion 38 and damages to DNA Involving base ox- 
idation products or single-stranded breaks, 79 Thus, iron seems 
to serve as a catalyst for oxygen radical-driven Orf rarmaooo. 
In the case of polyunsaturated fany acids, it can also account 
for initialing lipid peroxidation in the form of oxygen-bridged 
ferrous-ferric complexes. 28 

The present study was undertaken to determine whether fer- 
ric iron chelation can protect HTV-1 latsudy inXcocd cells 
against aetivarion initiated by an oxidative stress. Results de- 
so i bed liacin ucmunsirdtc chat several iron chelators, even at 
low concentration, efficiency protect both lymphocytic and 

promooocydc cells against oxidative stress induced by H2O2. 
In addition, KF-<B activation and HTV-1 activation are de- 
creased when oxidative stress is carried out in the presence of 
an iron chelator, demonscaung the role of iron in up-regulat- 
ing rtiv-i expression under unbalanced redox conditions. 

MATERIALS AND METHODS 

Celt lines and vulture conditions 

The HTV-1 nonproductively infected Alymphocytic cell line 
ACH-2, obtained from HTV-1 iiifcUaJ CEM -derived A3.01 
cells, was cultivated in RPMI-1640 medium supplemented with 
10% fetal calf serum (FCS), J00 U of penicillin per ml, and 
100 >*g of streptomycin per mi The HTV- 1 nonproductively in- 
fected pTomonocytic cell line UK obtained from HTV-1 infected 
U397. was cuHWotod in the same medium as the AO 1-2 cell 
line. Iron chelation was performed by adding the appropriate 
chelator to the culture medium 1 7 hj prior to die oxidative Mrcis. 



Cell survival was ucu-rmincd by trypan blue exclusion. All ex- 
periments u-er* performed in triplicate; in the Results section, 
ooe liluscrauve example is given for each experiment. 

Peripheral blood mononuclear cells (JPBMC) and virus 
isolation 

Donor PMBC were prepared by Ftcoll-Paque (Pnaxmac)a, 
Sweden) density gradient centrifugation of he pari razed blood 

from HiV-l seronegative individuals. PMBC suspended 10 2 x 
10^/ml in RPMM640 Glutamax-I (Gibco, USA) supplemented 
with 20% heat-inactivated fetal bovine serum and antibiotics 

were stimulated with phytohcmagglutiiun (PIlA-P, Difco, 
USA) at 5 /ig/ml for I days. 

Two different cliuical isolates were used: the first clinical 
WV.l isolate was obtained by cocultivation of PrLV^stimulated 
donor PBMC with fresh PBMC from an infected individual. 
The culture was expanded and the virus stock frozen in aJiquots 
at -7U*C. 1 Tus isolate rurrjexl out to be noo^yncyiia-induciDg. 
Tbc second HTV-1 isolate was syncytia-indueing and was ob- 
tained by cocultivanon of a MT2-CD4 T T-lymphocyrjc cell line 
with fresh PBMC from an infected individual. 

Drug susceptibility assay 

PBMC were cultivated in RPMI-1640 glutamax I supple- 
mented with antibiotics, 20% heat-iaacuvausd fetal bovine 
serum, and 10 IIAnl human recombinant interleukin-2 
faccrninger. Germany). The dter of the virus stock was deter- 
mined by eadpoiot dilution using 4-fold dilutions as previously 
described. 30 PBMC infection was performed as described in the 
standardized ACTG DOD KTV- 1 drug susceptibility assay. 30 In 
met,astanu*nli2e^ X 10* PBMC) of 

virus and donor PBMC (2 X lOVmJ) was incubated for 60 nun, 
then unadsoxbed viruses were removed by washing. The in- 
fected PBMC were resuspended at I x lO*/ml <md 1 ud of ceil 
was aliquot«rl in a 24- wall plate without or with DFO at 5 or 
10 in final concentration. Experiments were carried out six 
times. PBMC cultivarion was carried out at 37°C in humidified 
air wits 3% CO}. On day 3. one-half of the supernatant was re- 
moved and replaced with fresh medium. On day 7, the super 
natants were collected and kept at -20°C for quantitative p24 
antigen determination by- ELISA (Coulter Immunology, USA). 
A 24-weil control plate with the samples x6 was included, us* 
ing noninfectod donor PBMC and DFO at the same final con* 
ceatnrjons. This plate allowed ux to determine DFO-inducerl 
cytotoxicity. 

Chemicals 

All the chemicals used were analytical grade reagents ob- 
tained from UCB (Brussels, Belgium). Deferoxamine (stock so- 
lution in water mMj was obtained from Ciba-Geigy (Basel, 
Switzerland); iY,fr-Bis(2-hyaVoxybi:nzylKiW^ 
A/^T-diacetic acid (HBED) 31 (stoeJc solution in water 2.S mM) 
was obtained from Dr. R.W. Grady (Uepanment 01 Pediatrics, 
Cornell Medical Center, New York, NY); two 3-hydrox- 
vrjyridin-4-one derivatives 32 were studied: CP20 (=L1). the 
1,2 -dimethyl derivative (stock solution in water 7.2 m>I) was 
obtained from Duchefa (Haarlem, the Netherlands), and CP9d. 
the 1,2-dieihyl derivative (stucX solution in water 6 mM) was 
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IRON CHELATION IN HIV-1 

obtained irom Ciba-Geigy (Basel, Switzerland); cwo Wo- 
mimctic "reversed" siderophorea^ derived from ferrichromo 
were generously provided by Prof. A. Shanzer (Wcumann 
Institute, Rchovot, Israel): RSF-lcu and RSF-ilcu (stock solu- 
u'on in HMSO horh at 322 mM). DMSO at concentrations lower 
than 5 uM did not interfere widi die effects of H2O2. 

Exposure of ACH-2 and Ul ceils 10 H7O2 

ACH 2 or Ul calls, at 6 x I G 5 in 7.5 ml culture medium, 
were cultivated in 23<m 2 culture tlasfcs containing the scudied 
iron chelators. Seventeen hours later, H2O2 was added at dif- 
ferent concentrations (from 0 to 3O0 11M for ACH-2 and from 
0 10 5 luM for Ul). Cells (4-5 x 10*) harvested three 
hours later fnr WF-kR or AP-1 gel shirt analysis. After 4S hr. 
ACH-2 and Ul cells were counted uiing uypau blue exclusion, 
and aiiquots of supernatant corresponding to 0.25 * 10^ cell* 
were collected for reverse transcriptase (RT) activity deterrai- 
nation. 

Reverse transcriptase (RT) assay 

The RT assay was done as previously described. 34 Briefly, 
die vuu> was purified and conccnuatcd by ulrracentrifugaxion 
of supernatant fluids (131X00$ at &°C. for 120 min). Pellets 
were resuspended in 25 ui of TNE (10 mM Tris-HCl, 100 mM 
NaCI. 1 mM EDTA) containing 0.1* Triton X. 100 and left for 
30 min on ice. Then 10 ul of the virus preparadon was Incu- 
bated at 37°C for 60 to 90 min with 40 >d of a solution con- 
taining 62.5 mM Tns-HCi pH 7.S. 6.25 mM dithiothreitoJ, 6.25 
mM MgCl 2 . 180 reM KC1. 0.06% Triton X- 100. 0.375 mMglu 
taihione, 0.325 mM EGTA. 31 tfg/ml BSA, 2.5% ethylene gly- 
col, 250 mU/roi poly(rA)-cUgo(aT) and 125 mCi/mJ [ 3 H]dc- 
oxythymiriW The. resulting DNA wa< precipitated wilh 10% 
trichloroacetic acid (TCA) and filtcicd duvugh 2.4-mni 
Whatman GF-A filters. Filters were rinsed with 0.01 M sodium 
pyrophosphate, dried with 95% ethanol, and then counted by 
liquid scintillation (LKB Minibcta, Sweden). 

Electrophorctic mobility shift ussuy 

Ob'gomicleotides used for the elcCTrophoreric mobility shift as- 
says encompassed cither the NF'*D sites of the IUV-I enhancer 
rrr the AP-1 tites of the cnllagene type 1 promoter. They were 
labeled by aid-fiUing with die KUnow fragment of £ toll DNA 
polymerase (Boehringer. Germany) with p*P)rfATP. [ 32 P]dCTP 
(New England Nuclear, UK), and cold dTTP + dOTP. Libeled 
proW were purified by spin chromatography on G-25 columns. 
Nuclear extracts were isolated as desalted by a rapid mlcro- 
preporution technique ba&ad on the us* of a hypotonic lysis fol- 
lowed by high salt extraction 01 nuclei. 35 This procedure was de- 
riYcd from the large-scale procedure of Dignam et al* Binding 
of nuclear proteins to the oUgonuxleotide probes was performed 
foi 25 min at room tcmpcranire with 3-5 p.g total protein in 
10-20 /d of 20 mM HFPF-S-KOH (pH 7.9). 75 mM NaQ. 1 mM 
EDTA. 3* glycerol. 0.5 mM MgCl 2 - I Kg *jet;laied bovine 
serum albumin. 1.5 11% poly(dl-dC)-poly(^Mn (Pharmacia, 
UK). 1 mM DTT, and 0.2 ng of 33 P*labeled oUgonuclcoddcs 
(Eurogantee, Belgium). DNA-nuclear protein complexes were 
separated from unbound probes on native 6% polyacrylaroide 
gels at 150 mV in 0.25 M Tris. 0.25 M Na^Or, and QJ mM 
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EDTA ai pH 8.0. Gels wcie vatuum-dricd and exposed to Fuji 
X-ray films at -80 a C for 16 to 2* hr. The amount* of specific 
complexes were determined by measuring the radiuauiriij *iU* 
a phosphorimager (Molecular Dynamics. USA). The probes have 
the following sequences: Wild-type NF-kB probe: 3'-GATCA- 
GCG ACTTTCCGCTGGGG ACTTTCC AG - 3 ' 3'-TCCCTGA- 
AAGGCGACCCCTGAAAGGTCCTACi-i' Wild-type ArM 
prubc; 5 ' -CTAG ACGTGTCTG ACTC ATGCTTA-3 ' 3'-TCC- 
ACAG A CTG AnTACG A ATTCG A-5 ' . 



RESULTS 

Iron chelation by deferoxamine (DFO) protects Ul 
and ACH-2 cells against the cytotoxic effect induced 
by H2U7 

Ul and ACH-2 cells ware grown for 17 hr in the presence 
of various DHJ concentrations before being exposed to differ- 
ent WjOi concentrations. In the case of Ul celU, H 2 0 2 con- 
aentraiions ranged from 0 to 5 mM. whereas in the case or ACH- 
2 cells the conccfltrauon range was between 0 and 300 pM. 
Forty-eight hnurs after the oxidative stress, cell survival was 
determined by trypan blue eaulu>iuii. As shown in Figure IA 
and 1C. H 2 O z caused a significant reduction in rell survival as 
compared to untreated cells. Cells grown Id the presence of in- 
creasing DFO concentrations (from 0 to 5 /*M) exhibited a con- 
centration-related protection against the oxidative stress caused 
by H2O2. Even at a DFO concentration as low ae 2-2 J uM 
(Ft*. 1A and C). DFO completely eliminated the cytotoxic ef- 
fect throughout a wide range of II 2 Oj concentrations (up to 5 
mM in the case of Til cells). In the absence of H 2 0 2 . DFO at 
conccotratiuns lower diaii 5 and 10 pM was devoid of any cy- 
totoxic effect on ACH-2 and Ul cells, rwpw-.rivftly (data not 
shown). 

The tnvolvemant of iron chelation in the protective effect in- 
duced oy OrV was demonstrated by addition of various amount 
of Fc 3 * (FcClj or Fc-nitrilooeedc acid) to the DFO-traatad Ul 
celk Increasing concentrations of h'c 3T (5. 10, of 20 uM) 
rccsubUshcd the cytotoxic effect induced by Hfiz (Fig. IB). 
Similar observations were made with ACH-2 cells (data not 
ahowo), deinuusuaiing that iron plays a central role in the cy- 
totoxic effect inducer! by oxidative stress in HIV-1 latently in- 
fected cells. 

Iron chelation by DFO protects Ul and ACH-2 cells 
against H/V-/ activation induced by U1O1 

Wc have previously dciituusuated 1 that oxidative stress in- 
duced by H 2 0 2 activates HTV-1 replication in hnrh ACH-2 and 
Ul cells> as measured by tbe appearance of reverse u~anscrip- 
taae (RT) activity in cell supernatant*. Ul and ACH-2 cells were 
grown ior 17 hr in the presence of DFO (as described above) 
before being stressed by various concentrations of H 2 0 2 . RT 
activities were determined in cell supematanis alter 4& hr 01 
stress. As shown in Figure 2A and C. RT stimulation was pro- 
portional to the H 2 Oj concentranon: e.g.. at 3 mM H 2 0 2 . RT 
attitiiy wu stimulated approximately 20-fold in Ul ceils and 
6-fold in ACH-2 cells at 100 y>A H 2 0 2 . After DFO supple- 
mentation, HIV-l activation by H2O2 was auungly diminished; 
it was completely abolished at DFO concentrations as low ?$ 
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FIO. 1. Iron cheladOQ Dy tefemoxaraine (DFO) inhibits cytotmjc effect* La HIV- J latently infected cells ire*Lc*J wim H 2 Q> 
Cytotoxic erTen w« measure 48 hr after the oxidative stress. Relative errors were estimated to be ±10% (A) Ul cell* were 
supplemented with several DFO concetlinrions (* & 1.25; A. 15; O, 3.75; and ». 5 >iM) for 17 hr before being exposed 
to H 2 Oj; 4K hr after the sow*, cells were counted by trypan blue exclusion. Paccnlage of survival (login) is plotted vs FLO* 
eoRean&ow. (in mM), (B) Ul cells wac rated wjto pro u j ^ pIus F& i + enncenmrions (□. Fe^ 5 M % O. Fe> 

I Ht^£\ £ , 2 °^ h COnTO ! S WhOT U1 ^ lreaied onJ y H * Q ' « *Y ■ « by HjOz and 5 uM DFO 
by • (Q ACH-2 cells were supplemented with several DFO wrjcentradons (■. 0; A, 0.25: A. 0.5; O. I: and # 7 uM) fox 17 
hr before being caused to HjOj; 48 hr alto the Stress, cells m counted by trypan blue exclusion. Percentage of survival 
(IoZxq) is plotted vs H a Oj concentration* (in alM). * 



3.75 and J /iM (Fig. 2A) wftile only a very weak activation 
could be detected at 5 mM H A in the presence of 2.5 /iM 
DFO in Ul cells {Hg. 2A). Similar oh«rotions were made 
with ACH-2 cells (Fig. 2C): DFO provided a suBstantial pro- 
tection against HTV-1 activation whatever the H 2 0 2 cccccntra- 
tion used. In addition, it should be rnenUooed that DFO ai con- 
centrations lower than 5 and 10 /iM was devoid, in the absence 
of H^, of any icotuvaang effect on ACH-2 and Ul cells, re- 
spectively. 

Involvement of Iron In the protection induced by DFO was 
demonstrated by addition of iron (FeCij or Fe-uiuiloacedc 
acid) to the U I cells treated with DFO. The activation effect 
was progressively restored by adding iucTcasing concentra- 



tions of iron to the DFO-trcetcd cells (Fig. 2B). This demon- 
strates tne central role of iron in HTV- 1 activation induced by 
oxidative stress. 

lUese data obtained wirh rKxc productively inf acted mono- 
cytes or lymphocytes were cAtended using fresh PBMC infected 
With two clinical HTV-l isolates, oao syncytto- inducing and the 
other ooii-sjucytia-iarocing. Infected PBMC were cultivated 
for 7 days in the presenc* of human interfcukin 2 without or 
with DFO (ai 5 or 10 /iM). Alter cultivation. p24 antigen was 
measured in cell supematanta. Six independent measurements 
were performed per DFO WDoentraflon. As shown in Table 1, 
DFO at 5 fM markedly decreased the amount of p24 antigen 
produced by the two HIV-1 isnbies tested. A higher DFO con- 
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XuT* RT * ^ mi ° 01 at fhe variouS to ** inidaJ R T value. StoiiLlcm Of Rl ? is 'rS 

^ 2? A r C mT???^:* ^ ^ (A) Ul cells were supplemented u*h various w£ «£ 

c^ntranons 0; A 2.5jO, 3 L?5; and • 5 uM) tor 17 hr before Keing exposed to H.O. <?) Ul ceils were loaded wS 
er^F^' ** a ^<ni»+W:O t V+ 10 >xM; A, Fc^ 20 ^^eetcd wim DFO at 5 uM. ConS^Selll 
cells were treated only with H,Oj are showu by ■ or wltn H 2 Oj and 5 aM DFO by #. (O ACH-2 e«Ua w«^^e»^ 
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IKON CHELATION IN HJV-l 

Table I EFFECT o? DhO on p24 AXnGEN Production 7 
Days Arm* btfscnoN of PBMC *ttw Ettmm a Syncytia- 
Inducing WV.'l buiAn (SI) uk a Non-syncytia-Indwcwo 
Isolate (NSI) 



^p2-f antigen (ng/ml)* 



D fO Cell " HIV.) (NSI) 

iuM) concentration (x 1(f) folate 



Hrv.1 (Si) 
isolate 



0 

5 

10 



4.48 * 0.33 
3 .55 x 0.84 



449.9 ±21 9 3*1.3*76.1 
241.9 x 42,! 232.9 i 15.3 
57.8 ± 37.1 8*3 i 39.3 



•Mean of six independent cultures (mean r SD). 
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ccninsiiuii (10 f*M) gftTC riac to an even highor inhibition, in- 
dicating that p.tpr^Mon of p24 antigen is reduced in a dose-de- 
pendent manner. These dau on p24 asaay confirm the results 
obtained ^ith RT activity in hoih Ul and ACH-2 cell lines. 

Iron chelation by DFO decrenses W-kB activation 
induced try H7O2 

Because DFO supplementation leads to iron chelation and 
protects Ul and ACH-2 cell* a^ist both the cytotoxic and ac- 
tivating effects of HjOj, we tested wharher this supplement 
lion also affects the activation of NT-«B. Nude* yioccia w 
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nG 1 Effect of fori* iron oholarioa by DFO oa NF-*B DNA-binding activity in Ul cells induced by H 5 0>. Rapid induction of 
a nuclear xB eocancw DNA-oindiBg protein by oratmcm or U 1 cells with increasing conccotrerions ofH 2 0 2 . Nuclear exwets *«* 
!25 5) Sfer the «a«ie« g ffiqm1 .mounts of jroadns and mixed with a ^P-Uttled probe encompassing the «B ele- 
Sebetf tfie HTV-t enhancer. Styles were loaded oo 6% native polyacrylnmide gels and electrophoreses at ISO V. Autondiogpm, 
of «S* gel is sho*n Arm*, indicate the position of the specific complex and of tfte free probe Compcuuon w.u, «, uulat* led 
"liSileoudo encompass^ NF-«sB site, visudiz* the position of the specific NF-«B complex (A) Ul cells we« supplement^ 
3K 5 mM DFO before being stressed by 0. 1 . or 3 mM HP* (») U 1 cell, w« *uppkmc*ed «*h 0 or 5 *M DFO « Ic^ci 
™h increasing eonceoreions of FeJ* before bring stressed by 0. 1. nr 3 mM HA. A. Ul the absence Of UK^ B. UFO (5 >iM). 
C UFoTmM) plus Fe> ' (5 MM): D. DFO (5 ^M) plus £V~ (10 ^f); aod E, DFO (5 ,44) plu* FP* (20 ^M). 
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tracts were prepared from Ul or ACH-2 cells supplemented 
wish various DPO concentrations and subsequently rated by 
H z 0 2 . Nuclear protein extracts prepared 3 hr after ihc stress 
were analyzed by gel srun assay, and the NF-jcB specific com- 
plexes were quantified using a phosphorimagcr. As shown in 
Figure iA. a 1 mM concentration of^HjOj wa« sufficient to 
cause the appearance of the NF-cB iciaruau'on complex In the 
Ul cell nucleus: the induciinn seemed to be optimal at 3 mM 
II2O2. This ictaidcd band completely disappeared when the nu- 
des r extracts obtained after reaction with 3 mM H^O^ wen; 
uuacU with an excess of unlabeled oligonucleotide encom- 
passing the NF-<B sites of the HJV1 enhancer (Fig.;3A, lane 
4). Tnjs competition experiment demonstrated that the most re- 
tarded band (shown by an arrow on Fig. 3A) conespemded to 
the specific NF-kB complex. As shown in F1jiin» 3 A. the in* 
tensity of the specific NT-<B band wtu decreased when U I cells 
were supplemented with 5 nf DFO and stressed with ei- 
ther 1 or 3 mM H2O2 (lanes 6 and 7, respectively). The demon- 
stration rhflt iron chelation was involved in the decrease of NF- 
*B induction was carried out by adding iron fFeCb or 
Fe-nitriloacetic acid) to the DFO created cc!l9. Indeed, the ad- 



dition of increasing cooccnu atious of iiuu Lo Uicsc cells led 10 
the reappearance nfNF.irR in fhe nucleus of the Ul cells treated 
with H2O2 (Fig. 3B. lanes 7 to 15). Controls involving untreated 
cells, cells treated with H 2 0. alone, and with H 2 O z and DFO 
arc shown in Figure 3B. 

A simitar inducuon of tha specific NF kB complex was ob- 
served when ACH-2 ceils were treated with 100 to 300 m-M 
H 2 0j (Fig. 4A, lanes 2, 3. end 5): an 8-fold stimulation was 
obtained with 300 mM H 2 0 2 . Conversely. DFO supnlnmema- 
ooa decreased the level of NF-<B induction in the nucleus of 
ACH-2 cells (Fig. *A, lanes 6 to 13). Competition experiments 
carried out with an unlabeled NF-jcB probe demonstrated that 
thft observed retarded band corresponded to the appearance of 
a specific NF-kB complex (Fig. 4A, lane 4), Measurement of 
the intensity of the NF-xB bands indicated a maximum indue* 
Hon of the NF-*B complex at SOU aM H ? 0 2 (Fig. 4B). At this 
H 2 0 2 concentration, both 2 and 4 of DFO resulted iu an 
important inhibition of the NF-kB complex (up m 50%). At 
lower H1P2 concentrations. NF-*B induction was not as great 
although the protective effect induced by DFO was still clearly 
detectable (Fig. 4B). 
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FIG. 4, (A) fcnea of ferric iron chelation hy DFO on NF-*B DNA-bindinc, sctivity in ACH-2 ccib induced by U2O2. Rapid 
inducuon of a mielaar *cB enhancer DNA-binding protein by ireauuem of ACH-2 cells witn increasing concentrations of H 2 0a. 
Nuclear extracts were prepared 180 mio alter the reaction with equal amounts of proteins and mixed with a 32 P-Ubeled probe 
encompassing the *B elements of the HTV-1 enhancer. Arrows indicate the position of the specific complex and Of toe free probe. 
Competition with an unlabeled oligonucleotide encompassing NF-kB sites visualizes the position of the. specific NF.*B com- 
plex. Cells were supplemented with either 0. 2, or 4. uM DFO before being sttcsscd by 0\ 100, 200. or 300 /tM H 2 0 2 . (B) 
Stimulation of NF-*B DNA-binding activities ucicctcd in the nucJcus of ACH-2 cells plotted vs H?02 conccntrarions. Cells were 
supplemented with various DFO concentrations: 0 f iM : • 2 /zM; 0, 4 pM. 
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IRON CHELATION IN WV-i 

DFO supplementation does not strongly affect AP-2 
induction by ^z0 2 

AP-1 Is another uaitscripuon factor that Km been shown to 
fa« Use induced in T-Iymphfteyt« or in monocytes by H^Oi. a 
although it has also been efcuauejized as a secondary amioxi 
dam-responsive factor. 37 To. test risible AP-1 activity as an 
anUoxJdant-responsive ractor, Ul cells were supplemented with 
DFO (from 0 to 5 ^M) before beiog treated with H2O2 Nuclear 
cell extracts were prepared at ISO min after induction uf tlic 
sticks. As shown in Figure 5. a weak retarded band could be 
detected in untreated Ul cells: the Intensity of mis band was 
Increased after teaetion with 1 and 3 mM H 2 0 2 (lanes 1 and 
3). Competition with unlabeled oligonucleotide encompassing 
AP- 1 Sites strongly decreased die intensity of the moat retarded 
bond, demonstrating that this band was due to a specific AP-1 



1055 



H,Oj (mM) 
Competitor 



Specific 
complex 



Control PFf> {% uM) 

ii n 



free probe 




.... /■•WrfSiggl 






FIG 5. AIM DNA-oindlng activities in Ul cell* supple- 
mented with DFO and treated with H 3 Oj. Nuclear extracts were 
prepared 3 hi after the reaction and mixed with a 32 P labeled 
probe encompassing the TRE elements of the type I collage- 
oasc promoter before being loaded on a native polyacrylamide 
gel as described in Figure 3. Gel shift assays shuw die separa- 
tion of Specific AP-1 complexes from the frw. probe. Ul cells 
supplemented with 5 >iM DFO weie created with various H 2 0* 
concentrations (0 nr .1 mM). 



nc. L (A) Iron chelation by various chelators inhibits cy- 
totoxic effects in Ul cells treated with H 2 0 2 . Cytotoxic effect 
was measured <iS hr after the oxidative stress. Ul cells were 
suDDlemenicU with several iron chelators none; ±. j^ F " 
| W (S ,iM): O. CP94 (60 uMj; +. LI (60 uM)\ A. RSF-ileu 
(5 ^M); □. KB ED (20 j*M)] for Yl Kr before b^ing exposed 
10 HjO?\ 4S nr after ine stress, cclla woe counted by trypan 
blue exclusion- Percentage nf survival (logio) is plotted vs 
concentrations (in mM). Relative errors were estimated \uT be 
±10* (B) Iron chelation by various chelators Inhibits Hiv-i 
activation induced by HA » Ul cells. Supernatant*. corre> 
spondioe to an identical cell count, were taken 48 hr after the 
reaction to determine RT activities The stimulation of RT ac- 
tivity is tie ratio of the auWity at the varioua time points to 
the initial RT vain*. Stimulation of RT is plotted vs H 2 0: con* 
ctntrauuus. Ul cells were supplemented with several iron 
chelators (I. none: A. KSF-leu (5 >xM); O, CP94 (ffi jMY. 
+, LI (60 pM): A. RSF-ileu (5 /xM); Q HRF.D (20 fM)] for 
17 hr before being exposed u; H2O2. Relative errors were es 
rimased to be ±10%. 



complex (lane 7). DFO supplementation did nor modify the 
amount of AP-1 complex in untreated cells (Fig. 5. lane 4) but 
led to a slight protective effect against the oxidative stress in- 
duced by H ; 0= (Fig. 5. lanes 5 and 6). Ouamiiative analysis of 
IDe amount of AP-1 complex induced by 1 mM H2O1 in the ab- 
sence or in the present of DFO disclosed a 2.5-fold and 1.7- 
I0ld stimulation, respectively, cunfinrung thai the indueibility 
of AP-1 in Ul cells is less influenced by unbalanced redox con- 
ditions than trial of NF-kB. 

Other iron chelators also protect Ul cells aguiiut 
cytotoxicity, NF-kB activation and HW-1 activation 
induct hy H 2 0: 

Several iron chelators other than DFO were, studied using the 
same systems as described above: I.e.. latently iufected Ul cells 
44 substrate end H z 0 2 as a reactivating event. The smdied iron 
chelators were HBED, a mixed phenolate and aminocarbuay- 
laic doivaiivc; LI and CP94. which are hydrox>?yridone com- 
pounds; and RSF.leu and RSF-ileu. which are synthetic fcr- 
ricurome derivative*. These different chelators were mixed 
individually with Ul cells P hr prior to an oxidative Stress in- 
Cuccd by H 2 Oj. So mat these curapuiuuis could be compared 
to DFO. ihay ware supplemented to the cells at equivalent iron 
chelating concentrations, taJOng their diffcreut atoicru'ornetrie 
properties into ceeount (1 to 1 stoichiometry for DFO. HBED. 
RSF-leu. and RSF-ileu; 1 to 3 iron to Ugand siolchiomeuy fw 
CP94 aud LI). At the indicated concentration, only RSF-ileu 
gave rise to a protective effect which was lately comparable 
to thai observed with DFO at similar Hfi 2 concemxarions (Fig. 
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6A); RSF-leu was somewhat less efficient whereas HBED. Ll. 
and CP94 were not protective when added to Ul cells at the 
same stoichiometric concentration as DFO (data not >hnwn). 
HBED ^« then tested over a wider lauige of concentrations 
(from 0 to 100 fiM) to determine whether or not this compound 
could protect against Uic cytotoxic effect of HjOj. At 20 ^M, 
HRRH resulted in protection from cytotoxicity (Fig. e>A). CP94 
and Ll were tested ai an equivalent iron binding concentration 
(60 /iM) as 20 HBED: at ihis concentration, both hydrox- 
ypyridone compounds protected against H2O2 cvtotoxicity (Fig, 
6A). 

Ul cells treated under these experimental ccndiririn«; wer* 
brought back in culture at 37 3 C before coea>ujujg HIV- 1 acti- 
vation by assaying RT in the cell cur**™: ants. When supple- 
mented at the indicated cuuccuiraiiuns, the various Iron Chela- 
tors exhibited a rtrnrerrive effect against HTV-1 aetivaaon (Fig. 
6B), aa evidenced by the low or non-existent RT activity m toe 
eel) supernatant* (Fig. 6B). 

Nuclear cell extracts were prepared S hr after the oxidative 
stress induced by Hj0 2 to visualise NF-*B activarion by gel 
retardation assay. As shown in Fijurt 7. the retarded band err- 
responding to the NF-*B-jpecific complex induced in the nu- 
cleus of Ul cells by 3 raM H 2 Oa was induced ro a lesser ex- 
tent when cells were aeatcd with RSFmIcu (Fig. 7, lanes 1 1 and 
12). HBF.D (lanes 14 and 15). CPW (lanes 17, 18). and Ll 



(lanes 20 and 21). At a similar concentration (5 pM), RSL-lau 
was less protective than R5F-iIeu (Fig. 7 t lanes ft and V). 
Addition of Fa-NTA to Ul cells procreated with these chelators 
restored the initial effects of H2U3, demonstranng that these 
compounds acted through iron chelation (data not shown). 

Effects of DFO and RSF~iteu nn indurtion by TNF-a 

NF-kB luu bcui shown to be induced by a wide variety of 
agents: among them, TNF-<r it one of the most efficient. Ul or 
ACH-2 cells supplemented wim DFO (2.5 or 5 mM) were 
treated with TNF-a (0 to 200 U/ml) for 120 min. After induc- 
tion nuclear extracts were prepared and analyzed by ge] retar- 
dation assay. As shown in Figure 8 A, a specific NF*<D com- 
plex could be clearly detected, even at TNF-a concentratinns 
aa low as 20 U/ml. At 200 U of TNF-a/ml, NF-/cB was Mini- 
Ulatfid ca. 4-fold At higher TNF-« ermrenrn»Uons. the degree 
of stimulation sbghtly d rvrc ascd In Ul cells treated with DFO 
at 5 fiM> NF-jcB induction by TNF-a wis not clearly modified 
(Fig. 8A). The same result was observed with ACH-2 cells 
treated under similar conditions: NF-*B Lnducibiliry by TNT- 
a did not seem to be affected oy DrU (rig. 8B). Amon£ the 
other iron chelators tested above, it turned out (hot RSF*ilcu 
was the most effective, We therefore investigated the effects of 
this iron chelator on NF-aH induction by TNF-a. Similar to 
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FIG. 7. Effect of various iron chelators on NT-«B DNA-bunling activity In Ul cells Induced Dy H2O2. Rama i nducti on of a 
nuclear <B enhancer DNA-bindin* protein by treatment of Ul cells with increasing conc^traticms of HjO~ (0, 1, and 3 mM). 
Nuclear extracts were prepared ISO min after the reaction with equal amount* of proteins aud mUcU with a J *P-labeled probe 
encompassing the *B elements of the HTV- 1 enhancer. Samples were loaded on 6% native poly aery (amide g*ls and electrophonned 
at 150 V. Autoradiogram of the *e! is shown. Arrows indicate the position of the specific complex and of the free probe. (A) lo 
the absence of chelator. (B) DFO (5 >iM). (C) RSF-leu (5 ^M); (D) RSF-tleu (5 jiM); (E) HUhD (20 mM>: (F) CP94 (60 uM)- 
and (G) Li tfOiiM). 
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HG. K indUCOon of a nuclear XB enhancer DNA-binding protein by trcaonent with TOP-. (A, B) « PMA (C. E). 
ncft w, re prepared 120 min afur the reaction with equal amounts or proteins and mixed with a "Mate cd yrubc erscompnss. 
iuc Uic <B events of the I nv-l enhancer. Samples were loaded od 6% native polyacrylarmde ^ and clectrophoresed at 150 
V Aumndioeram of the gel is snown. Arrows indicate tfie posldon of the specific complex and of the free probe (A) lnducuon 
of^T^^Zi^ryinVl cells induced by TNF-a (0. 20. and 200 UtaD or by PMA (0. 10 . 10 * M) in the ao- 
LncTw^tteOTance Of DFO ai 3 uM. (B) Effect uf DFO at 5 jaM on NF-*B DNA-bindio S activity » ACH-2 eelk induced 
JS^PS^SSa TV^uJJt in of the gel is shown. fC) Ettect of DFO at 2.5 /iM on NF*icB DN A-bmdnig *c- 
dviry in ACH-2 cell* induced with PMA (10'\ 10" a , and 10' 7 M). The upper pan of the gel is shown. 



what was observed with DFO. Ul cells suppiementanoo with 
3 >*M RSF-ilcu did not modify NF-*B inducibtlity by TNF-a 
concentration varying from 0 to 200 U/mJ (data not sfiown). 

On the uilici hood, RT measurements performed on Ul celb 
treated with e.ithp/ DFO or RSF-ileu at 5 *tM and induced with 
100 U/ml of TNF-a showed thai iroo chelation clearly reduces 
H3V-1 aedvarioo b these cells (Fig. 9). These dala show thai 
DK> and RSF-ileu at 3 /iM prevent HTVM inducuuu by TNF- 
Oy even if th© drugs do not strongly influence NF-cB induction. 
This suggesis that in this setting, DFO and RSF-ileu may aa 
primarily tu inhibition of the cellular ribonucleotide reduc- 
tase. 31 

Iron ehebiii™ hy DFO decreases NF-k3 activation 
induced by PMA 

PMA is a potent NF-kB activator in a wide variety of cells 
such as T cells, monocytes, and HcLa cells. Ul or ACH-2 cells 
were grown in the presence or not of DFO before being i n flnerrt 
by PMA, again fur 120 win. Cell nuclear extracts were pre- 



pared and analysed by gel retardation assay. The specific NF 
jcB retardation band was clearly detectable in both DFU-sup- 
piemen ted and DFO-unsupplciucuted cells treated vrith PMA, 
As shown in Figure 8A, the amount of NTF-rB complex in- 
creased strongly w&en Ul cells were stimulated with PMA con- 
ccntmrions between 10" 9 and 10" 8 M Compared with non- 
supplemented cells, the amount of NF-kB complex 
significantly lower in DFO treated cells induced with PMA at 
!0 _y and 10' 8 M. Hie results ot DW supplementation using 
ACH-2 cells treated with PMA coruVmcd this result (Fig. %C), 
indicating that NF-rR activation by PMA takes place throujin 
the gcneradoD of ROS. 



DISCUSSION 

HTV infection is characterized by a long clinical latency pe- 
riod between the time of infection and the onset of AIDS. 1 It 
& however, suspected that fever, inilammacion, or responses 
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of ihe immune system might play fundamental roles as acti- 
vating factors. 1 leading i© on increased pruducdon Of ROS. 3? 
The demonstration (ha HIV can K» activated by H 2 0 2 7 through 
the activation of NTT-*B* established 3 direct linJc between ROS 
and viral expression. These results justified interest in enzy- 
matic and nojiciuymauc anrioxiaants as possible means of ex- 
tending the WTV latency period or, perhaps. 03 a new approach 
to aiiU-MV therapy.* 0 Wc used tms concept as a guideline, for 
our etperimencs dealing with HJV-I latently infected Alym- 
phocytic and promonoeytic cell lines and the chelation of iron. 

Iron is essential to almost aJl known cell types. Many iron- 
requiring enzymes are involved in metabolic pathways impor 
tant for the growth and development of ceils 41 Such as the clonal 
expansion of lymphocytes 42 - 4 * Iron not only participates in nu- 
merous important biuiogical reasons.* 4 -* 5 but also plays a cen- 
rral role in oxidative stress , being a major catalyst of ccllulai 
hydiuxyl radical formation. 27 For example, iron is involved in 
the Femoa reaction, in which ferrous iron acts as on electron 
donor to generate the hydroxy! radical through reduction of 
H,0 2 . Iron is a catalyst of the Habcr-Wciss reaction, which 
consists 0!" a one-electron transfer (mm superoxide to hydrogen 
peroxide. 27 Hydroxyl-frcc radicals generated by this and other 
mechanisms can in rurn lead to numerous deleterious effects, 
including DNA damages" and lipid peroxidation. 2 * The trihy- 
droxamflm imn chelator DFO causes both intracellular and ex- 
tracellular iron depletion/ 7 ^ producing inhibition of cell pro- 
liferation 49 and inhibition of ribonucleotide reductase activity 
in lymphocytes with decreased availability for deoxyau- 
eleorides for DNA syothc3t3. 3 * While ribonucleotide reductase 
may well be a primary site for action nf iron chelators, other 
enzymes and metabolic pathways may also be affected and con- 
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tribute to the biological effects induced by iron chelation. In 
addition to DFO. which ha* heen used for decades, othar mol 
eculcs exhibit iron chelation properties. One Of them, CWU 
(LI), has heen user! in several hundreds of iron overloaded pa- 
tients. 50 HyuVyxamaxe derivatives have recently been used in 



TNF-a (U/mi) 

FIG- 9. Iron chelation by DFO (Q) (3 vM) or bv RSF-ileu 
(□) (5 uM) inhibits HIV- 1 activation in Ul cells mediated by 
TNF-a ( 100 U/ml) (■). Supcrnatants, conespvnding 10 an Iden- 
tical cell count, were taken 4» hr after (he reaction tn determine 
reverse tansmptase (RT) activities. The stimulation of RT ac- 
tivity is the ratio of the activity at 48 hr to file initial RT value 
(relative errors were estimated to be r 10*). 



conjunction with 2\3'^d<»xYinocinc and ' showed very 
promising synergistic effects resulting in the total suppression 
of viral production, toul protection against the cytopaduc ef- 
fect induced by viral replication, and no effect nn the ability 0/ 
tha cells to replicate in cell culture. 51 

The present Study indicates that iron plays a central role in 
friggcring the deleterious cfTccu of the oxidative stress induced 
by H:0 2 . PMA or TNF-<r Conversely, iron chalauon by DFO 
or by scvexal chemically unrelated chelators protects not only 
against The cytotoxic effect induced by ^Oj, but also against 
NF-kB activation and HIV -J activation ia lymphocytes and 
monocytes latondy infected by HIV- 1. The present results are 
in agreement wim various reports that implicate OH* as the 
dalatarious species in oxidative stress. 52 Hydroxyl radicals 
would then trigger, probably indirectly, activation of tyrosine 
kinases such as Zap-70, p56", and p39*-, and strong Ca** 

fluxes. 33 "^ which wnnld ultimately lead to the phosphorylation 
of the I-*B subunit or of the p!05 precursor and their subse- 
quent proteolysis, allowing p50 and p6S of NF-*D to migrate 
from the cyioplasm to the nucleus and to bind to the NF-kB re- 
sponsive elements. Iron removal by DFO or by odicr iron chela- 
tors would impair (his transduction pathways. Indeed. Schreck 
ei a/. 8 - 56 have shown that NF-*B solvation in Jurkai T cells 
can be parUy counteracted hy deferoxamine and aphenan- 
throlinc. This inhibition is lixeiy to aa at an early stage, ijc. in 
the generation of highly oxidative radicular oxygen species from 
HjO;. After TNF-a stimulation, DFO protects against HTV-1 
activation in the absence of a clear effect on NF-<B. In Uiis 
case, iron chelation probably acts primarily by targeting cellu- 
lar ribonucleotide reductase, as discussed above. 

The present report is mainly based on the study of two call 
lines, often used for studying the mechanisms of HTV-l gene 
transcription and vims activation. Although this study has also 
been extended to PMBC in primary culture, the results obtained 
With iron chelators in these in vitro systems do, therefore, not 
allow any present extrapolation on the possible clinical useful- 
new of these compounds in HIV infected patients. However, 
they indicate that Iron plays an important role in triggering the 
generation of oxidative saw, with the dclcteiiuus conse- 
quences on activation of NF-<B and on subsequent activation 
of HIV -J ttMscriptiop, This may be uf relevance, as iron is 
known to accumulate, in patient.; with AIDS, in several types 
of ofills, such as rnacropbages and microglia. 57 ' 5 ' Iron loading 
in certain tissues may htt deleterious, not only by increasing ox- 
idative stress and directly activating HIV, but also by decreas- 
ing immunological defenses and by providing iron as nuuieut 

feu the growth of several microbial invaders. 59 

Tbe three previously reported in vitro studies a possible 
andretroviral effect of DFO have reached contradictory re 
suits. 60 - 62 Tabor ct a2& reported that 30 pM DFO Inhibited the 
expression Of p24 antigen in infected H9 lymphocyte, and 
BarucheJ ct al* found that IS DFO reduced reverse tran- 
scriptase activity in inferred MTa cells, but had 0 less marked 
effect on p24 autigeo expression. Finally, La2dins ei d.** re- 
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ported that DFO has nn anfUHTV ftffp.r.K in vitro, either in H9 
cells or in three other cell lines surveyed, Ii is Uiua difficult 10 
draw firm conclusions from these contradictory findings. It H 
important to realize that none of these three brief reports men* 
tioned any study on the effects of DFp on HIV-infected cells 
submirted 10 an oxidative stress, by contrast the present study 
examined the effect of iron chelators in such cells, activated by 
an oxidative stress, which may be more relevant to the clinical 
Situation/* -6 * UJ 5 In this setting, iron chelation by cither DFO 
or Kevftr-al r.hemieally unrelated compounds clearly affords a 
protection against eytuiuaidiy and it rcaulb in aiuiieuo viral ac- 
tivity in vitro. We suggest that iron chelation therapy may he- 
come a new tool, helping to slow the progression of HTV in- 
fection. It should be noted that the concentration range at which 
several iron chelators were found m vttro to inhibit oxidative 
stress-induced activation of NT-*B end of HIV (e.g.» DFO at 5 
fM and LI at 60 uM) is easily achieved in humans. 63 - 6 * 
Furthermore, a retrospective study has recent^ been reported 
that investigated the course of HTV infection in 64 seropositive 
paiicnts with tfialaasenua major who vreic ueauaJ by DFO.** 
The outcome of HTV infection was significantly Mre.r »n the 
patient group treated with more man 40 rag/kg per day of DFO 
than in the group treated with a lower DFO dose,* 5 Although 
tins favorable result is in keeping with the conclusions from toe 
present experiments, careful prospective clinical studies are ob- 
viously needed to assess a possible benefit of iron chelation 
therapy to HIV-infected patients. 
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Day, Regina M., Yuichiro J. Suzuki, Julie M. Lum, 
Alexander C. White, and Barry L. Fanburg. Bleomycin 
upregulates expression of 7-glutamylcysteine synthetase in 
pulmonary artery endothelial cells. Am J Physiol Lung Cell 
Mol Physiol 282: L1349-L1357, 2002. First published Janu- 
ary 18, 2002; 10.1152/ajplung.00338.2001.— The chemother- 
apeutic agent bleomycin induces pulmonary fibrosis through 
the generation of reactive oxygen species (ROS), which are 
thought to contribute to cellular damage and pulmonary 
injury. We hypothesized that bleomycin activates oxidative 
stress response pathways and regulates cellular glutathione 
(GSH). Bovine pulmonary artery endothelial cells exposed to 
bleomycin exhibit growth arrest and increased cellular GSH 
content. 7-Glutamylcysteine synthetase (7-GCS) controls the 
key regulatory step in GSH synthesis, and Northern blots 
indicate that the 7-GCS catalytic subunit [7-GCS heavy 
chain (7-GCSh)] is upregulated by bleomycin within 3 h. The 
promoter for human 7-GCSh contains consensus sites for 
nuclear factor-KB (NF-kB) and the antioxidant response ele- 
ment (ARE), both of which are activated in response to 
oxidative stress. Electrophoretic mobility shift assays show 
that bleomycin activates the transcription factor NF-kB as 
well as the ARE-binding factors Nrf-1 and -2. Nrf-1 and -2 
activation by bleomycin is inhibited by the ROS quenching 
agent iV-acetylcysteine (NAC), but not by U-0126, a MEK1/2 
inhibitor that blocks bleomycin-induced MAPK activation. In 
contrast, NF-kB activation by bleomycin is inhibited by 
U-0126, but not by NAC. NAC and U-0126 both inhibit 
bleomycin-induced upregulation of 7-GCS expression. These 
data suggest that bleomycin can activate oxidative stress 
response pathways and upregulate cellular GSH. 

reactive oxygen species; Nrf-1 and -2; nuclear factor-KB; 
antioxidant response element; mitogen-activated protein ki- 
nase 



bleomycin is primarily used for the treatment of testic- 
ular carcinoma, lymphoma, and squamous cell carci- 
noma, but its use as a chemotherapeutic agent is lim- 
ited by adverse side effects, especially pulmonary 
injury and fibrosis. Because of this, bleomycin has been 
used to develop a rodent experimental model of pulmo- 
nary fibrosis that has allowed the study of changes in 
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the cellular composition of the lung and the expression 
of specific proteins leading to fibrosis. Many changes 
identified in the bleomycin model system have also 
been observed in pulmonary fibrosis induced by other 
causes (2, 20, 21, 30). Treatment of rodents with bleo- 
mycin endotracheal instillation or subcutaneous injec- 
tion results in initial pulmonary inflammation and a 
spike of epithelial/endothelial apoptosis (13, 30, 38, 
46). This is followed by the proliferation of myofibro- 
blasts (fibroblasts expressing a-smooth muscle actin) 
and sustained epithelial/endothelial apoptosis. The 
bleomycin model has allowed the identification of po- 
tentially critical changes in protein expression, includ- 
ing the induction of transforming growth factor-pi (18, 
26, 27, 29, 30). However, the signaling mechanism(s) 
inducing these changes is not well understood. 

Bleomycin triggers apoptosis in growing cells by 
causing single- and double-stranded DNA breaks 
through the direct binding of bleomycin to DNA. This 
activity is dependent on oxygen and a bound ferrous 
ion. Bleomycin is also believed to produce reactive 
oxidative species (ROS), including superoxide, H2O2, 
and/or organoperoxides, which may also play a role in 
the toxicity of bleomycin (34). Several studies have 
shown that cells are partially protected from the cyto- 
toxic effects of bleomycin by acute hypoxia (thus elim- 
inating the oxygen source for ROS) or by the addition of 
superoxide dismutase enzyme or transfection with an 
expression vector for superoxide dismutase (thus re- 
ducing the level of ROS generated by bleomycin) (10, 
34). In contrast, the detrimental effects of bleomycin 
can be intensified via reduction of the intrinsic cellular 
defenses against oxidative stress. Either buthionine 
sulfoximine (BSO)-induced depletion of cellular gluta- 
thione (GSH) or the lack of GSH S-transferase (a phase 
II detoxifying enzyme) results in hypersensitivity of 
cells to bleomycin-induced apoptosis (12, 31). 

On the basis of studies indicating that bleomycin 
cytotoxicity may be modulated by oxidants and anti- 
oxidants, we hypothesized that bleomycin may regu- 
late cellular defenses against oxidative stress. GSH is a 
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ubiquitous sulfhydryl-containing tripeptide that serves 
as a primary biological defense against oxidative dam- 
age (6, 33, 37, 44). GSH, normally present in cells at 
millimolar levels, directly interacts with ROS and tox- 
ins during cellular detoxification (6, 37, 44). Adapta- 
tion of cells to oxidative stress can occur via the induc- 
tion of antioxidant enzymes and increased cellular 
levels of GSH. The enzyme 7-glutamylcytsteine syn- 
thetase (7-GCS) controls the rate-limiting step in GSH 
synthesis (16, 17, 24). This enzyme is composed of two 
subunits, a catalytic heavy chain (7-GCSh) and a reg- 
ulatory light chain. Both 7-GCS subunits have been 
shown to be upregulated in response to oxidative 
stress, including ionizing radiation, ROS, heavy met- 
als, phenolic antioxidants, and the GSH-depleting com- 
pound BSO (16, 17, 32, 33, 36, 41, 44). The regulation 
of the 7-GCS subunits by oxidative stress has been 
demonstrated in variety of species, including human, 
rat, and bovine (32, 33, 36, 44). 

In the present study, we examined the effect of 
bleomycin on the regulation of GSH in bovine pulmo- 
nary artery endothelial cells (BPAEC). Our results 
indicate that bleomycin treatment increases total cel- 
lular levels of GSH and upregulates the level of 7-GCSh 
mRNA. We also show that bleomycin activates the 
DNA binding activity of nuclear factor (NF)-kB and 
Nrf-1 and -2 transcription factors. These factors are 
known to be activated by oxidative stress and to regu- 
late the expression of human 7-GCSh (14-17, 24, 40, 
41, 44, 45). 

EXPERIMENTAL METHODS 

Reagents. Bleomycin (Blenoxane) was from Mead Johnson 
(Princeton, NJ). The mitogen-activated protein kinase/extra- 
cellular signal-regulated kinase [MAPK/ERK (MEK)] 1/2 in- 
hibitor U-0126 was purchased from New England Biolabs 
(Beverly, MA). Other reagents are described below. 

Cell culture and bleomycin treatment BPAEC were ob- 
tained from freshly slaughtered calves as previously de- 
scribed (4). Passage 3-8 cells were used for all experiments. 
Rat pulmonary microvascular endothelial cells (RPMEC) 
were a gift of Dr. Una Ryan (Avant Immunotherapeutics, 
Needham, MA) (3); these cells were used as a control in Pig. 
2. Both BPAEC and RPMEC were cultured in RPMI 1640 
(GIBCO-BRL, Rockville, MD) with antibiotics (penicillin and 
streptomycin), fungisone, and 10% fetal bovine serum in 5% 
C0 2 at 37°C in a humidified atmosphere. For cell culture 
treatment, bleomycin was dissolved in 0.9% NaCl and added 
to the culture medium. 

Propidium iodide staining and fluorescence activated cell 
sorting. Propidium iodide and fluorescence-activated cell 
sorting (FACS) were used to determine cellular apoptosis. 
Cells (-3-7.5 X 10 5 ) were washed twice with phosphate- 
buffered saline (PBS) at 25°C and trypsinized. Cells were 
then pelleted by centrifugation and washed twice on ice with 
cold PBS. After the last wash, we resuspended cell pellets in 
100 ul of cold PBS, and added 1 ml of cold 80% ethanol 
dropwise while vortexing on a low setting. Ethanol-treated 
cells were stored at 4°C for at least 4 h and up to 1 wk. Before 
FACS analysis, cells were pelleted at 4°C, resuspended in 0.5 
ml of propidium iodide solution [0.05 mg/ml RNase A in PBS 
containing 5% (wt/vol) propidium iodide], and incubated for 
30 min on ice in the dark. Cells were then analyzed on a 



Becton-Dickinson FACS Calibur (Franklin Lakes, NJ) cell 
sorter. 

Cell counts and preparation for GSH assays. Cell counts 
and GSH assays were performed as described (43). Culture 
dishes were rinsed twice with PBS at 25°C and incubated for 
3-5 min with 1.0 ml of trypsin-EDTA. The cells were rapidly 
suspended and placed on ice. The cellular suspension (0.1 ml) 
was removed, diluted, and counted on a ZM Coulter Counter 
(Coulter Electronics, Hialeah, FL). Of the remaining suspen- 
sion, 0.8 ml was treated with 0.1 ml of 1% perchloric acid. 
Lysates were sonicated on ice for 10 s and centrifuged at 
14,000 g at 4°C for 20 min. Aliquots were stored at -20°C for 
GSH assays. 

GSH assay. GSH assays were performed as specified (40). 
Frozen perchloric acid-treated supematants were thawed on 
ice and sonicated for 10 s on ice. The pH was adjusted to 7.0 
with 0.3 M potassium hydroxide-3-(N-morpholino)propane- 
sulfonic acid (MOPS). The sonicate was then centrifuged at 
14,000 g at 4°C for 20 min. The supernatant was assayed for 
total cellular GSH by the spectrophotometric Tietze method 
(1). Briefly, the sum of the oxidized and reduced forms of GSH 
was determined using a kinetic assay in which GSH or GSH 
disulfide and GSH reductase reduce 5,5'-dithiobis(2-nitro- 
benzoic acid) to form 5-thio-2-nitrobenzoate (TNB). The for- 
mation of TNB was followed spectrophotometrically at 412 
nm. Each assay was individually calibrated with standard 
GSH, and the concentration of each sample was adjusted by 
dilution to ensure that the reaction rate was on the linear 
portion of the standard curve. Cellular GSH levels were 
expressed as nanomoles per 10 6 cells. For the assay, brewer's 
yeast GSH reductase, p-NADPH, and GSH disulfide were 
obtained from Sigma (St. Louis, MO). 

RNA purification and Northern blot. RNA was purified 
using Trizol (GIBCO-BRL) according to the manufacturer's 
instructions; RNA concentrations were determined by absor- 
bance at 260 nm. RNA (10 p,g) was denatured in a loading 
buffer [0.4 M MOPS, pH 7.0, 2.5% formaldehyde, 67% form- 
amide, 0.2 jig ethidium bromide, 1.2 mM EDTA, 6.7 mM Na 
acetate, and 13% dye (50% glycerol, 1 mM EDTA, 0.25% 
bromophenol blue, and 0.25% xylene cyanol FF)] for 15 min 
at 65°C. Denatured RNA was run in a 0.9% (wt/vol) denatur- 
ing agarose gel (0.2 M MOPS, pH 7.0, 5 mM sodium acetate, 
1 mM EDTA, and 1.8% formaldehyde) with running buffer 
(0.2 M MOPS, pH 7.0, 5 mM Na acetate, 1 mM EDTA, and 
1.8% formaldehyde). RNA was transferred to a Zeta Probe 
blotting membrane (Bio-Rad, Hercules, CA) using capillary 
blotting in lx SSC (20 X SSC = 3 M NaCl, 3 mM sodium 
citrate, pH 7.0). Blots were baked at 80°C for 2 h under 
vacuum and prehybridized in ExpressHyb (Clontech, Palo 
Alto, CA) for 30 min at 68°C under shaking. The 2 X 10 6 
counts -min -1 -ml" 1 of labeled, denatured probe were then 
added with denatured salmon sperm DNA (100 ng/ml) to the 
prehybridized blot. Hybridization was performed at 68°C 
overnight with agitation. Blots were washed at 37°C; the first 
wash was performed in triplicate (2X SSC and 0.05% SDS) 
for 15 min each; the second wash was done twice (lx SSC 
and 0.1% SDS) for 15 min each at 50°C. The blot was then 
exposed to Kodak X-OMAT AR film (NEN, Boston, MA) at 
-80°C using intensifying screens. 

The probe for human 7-GCSh was the gift of Dr. Takahito 
Kondo (Nagasaki University School of Medicine, Nagasaki, 
Japan); this probe hybridizes strongly to human, mouse, and 
rat 7-GrCSh mRNA (16). To produce labeled probes, we incu- 
bated 10-20 ng of the excised 7-GCSh cDNA with lx hexa- 
nucleotide mix (Boehringer Mannheim, Indianapolis, IN), 
0.05 mM dATP, dTTP, and dGTP, and 50 u£i a-[ 32 P]dCTP 
for 1 h at 37°C. The labeled probe was purified from unincor- 
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porated a-[ 32 P]dCTP using Sephadex G-50 Quick Spin col- 
umns (Boehringer Mannheim). 

Electrophoretic mobility shift assay, Electrophoretic mobil- 
ity shift assay (EMSA) was performed as described by Garner 
and Revzin (11). To prepare nuclear extracts, cells were 
washed in PBS and incubated in 10 mM HEPES (pH 7.8), 10 
mM KC1, 2 mM MgCl 2 , 0.1 mM EDTA, 0.1 mM phenylmeth- 
ylsulfonyl fluoride (PMSF), 5 jig/ml leupeptin, 10 |xg/ml apro- 
tinin, 1 mM NaF, 0.1 mM sodium orthovanadate, and 1 mM 
tetrasodium pyrophosphate for 15 min at 4°C. (Octylphe- 
noxy)polyethoxyethanol (Igepal CA-630, Sigma) was then 
added at a final concentration of 0.6%(vol/vol). Samples were 
vortexed and centrifuged. Pelleted nuclei were resuspended 
in extraction buffer [50 mM HEPES (pH 7.8), 50 mM KC1, 
300 mM NaCl, 0.1 mM EDTA, 0.1 mM PMSF, 5 jig/ml 
leupeptin, 10 jxg/ral aprotinin, 1 mM NaF, 0.1 mM sodium 
orthovanadate, 1 mM tetrasodium pyrophosphate, and 1% 
(vol/vol) glycerol], then mixed vigorously for 20 min, and 
centrifuged for 5 min. The supernatants were harvested, and 
protein concentrations were determined (22). 

Oligonucleotides containing the sense and antisense anti- 
oxidant response element (ARE) consensus sequence were 
5'-TCACAGTGACTCAGCAGAATC-3' and 5 ' -GATTCTGCTi 
GAGTC A-CTGTGA-3 ' , respectively. [The ARE consensus se- 
quence is underlined; the ARE sequence used is identical to 
ARE4 of the human -y-GCS promoter (25, 42).] Oligos were 
made 5 pM in H 2 0, heated to 80°C for 20 min, and allowed to 
anneal by cooling slowly to ambient temperature. The dou- 
ble-stranded oligonucleotide probe containing consensus kB 
sequence was 5'-GAT CCG AGG GGACTTTCC GCT GGG 
GAC TTT CCA GG-3'. To perform EMSA, we incubated 
binding reaction mixtures containing 2 |xg protein of nuclear 
extract, 1 \ig poly(dI-dC)-poly(dI-dC), and 32 P-labeled dou- 
ble-stranded ARE or kB oligonucleotide in 100 mM NaCl, 1 
mM EDTA, 1 mM dithiothreitol, 10% (vol/vol) glycerol, and 
20 mM Tris-HCl (pH 7.5) for 20 min at 25°C. Electrophoresis 
of samples through a native 6% polyacrylamide gel (acryl- 
amide-bis, 29:1) was followed by autoradiography. Supershift 
experiments were performed by incubating 2 jxg Nrf-1, Nrf-2, 
c-Jun, c-Fos, NF-kB p65, or NF-kB p50 antibody (Santa Cruz 
Biotech) in the binding reaction mixture for 1 h at 4°C before 
the addition of the 32 P-labeled oligonucleotide probe to start 
the binding reaction. All experiments were repeated at least 
three times. 

Western blot analysis. To prepare lysates, cells were 
washed in PBS and solubilized with 50 mM HEPES solution 
(pH 7.4) containing 1% (vol/vol) Triton X-100, 4 mM EDTA, 1 
mM NaF, 0.1 mM sodium orthovanadate, 1 mM tetrasodium 
pyrophosphate, 2 mM PMSF, 10 p-g/ml leupeptin, and 10 
u-g/ml aprotinin. The lysate was cleared by centrifugation at 
4°C for 15 min. Protein concentrations in the supernatant 
were determined as above (22). Cell lysates (10 \ig protein) 
were electrophoresed through reducing (5% p-mercaptoetha- 
nol) SDS polyacrylamide-bis gels (10%) and electroblotted 
onto nitrocellulose membranes. After the transfer, mem- 
branes were blocked in 5% milk in Tween- and Tris-buffered 
saline (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% 
Tween 20) and then blotted with the antibody for the NF-kB 
p65 subunit and IkBcx (Santa Cruz Biotech). Levels of pro- 
teins and phosphoproteins were detected with horseradish 
peroxidase-linked secondary antibodies and ECL System 
(Amersham Life Science, Arlington Heights, IL). Western 
blots were repeated at least three times. 

Statistics. Statistical comparisons were performed using a 
Student's J-test for unpaired samples and a two-way analysis 
of variance for multiple comparisons. Statistical significance 
was determined at P < 0.05. 
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RESULTS 

Bleomycin upregulates cellular GSH and the y~GCS 
gene. Bleomycin has been shown to induce growth 
arrest, apoptosis, and necrosis in a number of cells, 
including immortalized cells and primary cancer cells 
(31, 34). We first determined doses of bleomycin that 
induce growth arrest with limited cell death in 
BPAEC. Cells were placed in RPMI medium containing 
0.1% FBS for 24 h and then exposed to increasing doses 
of bleomycin for 24 h. Cell numbers indicated that 10 
Hg/ml of bleomycin induced high levels of growth arrest 
(Fig. LA), which was associated with visible cell death 
(data not shown). Levels of 1.0 and 0.1 ng/ml of bleo- 
mycin induced lower levels of growth arrest. Propidium 
iodide staining and FACS analysis showed that 1.0 
|xg/ml of bleomycin induced only 8.8% (± 1.6 SD) apop- 
tosis, compared with 5.8% (± 1.7 SD) apoptosis in 
control cells (n = 3). 

Bleomycin is believed to induce oxidative stress on 
cells by the generation of ROS through a bound ferrous 
ion. GSH is a primary constituent for protecting cells 
against oxidative stress, and its formation can be up- 
regulated by ROS-producing compounds (6, 32, 33, 44). 
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Fig. 1. Bleomycin causes growth arrest in bovine pulmonary artery 
endothelial cells (BPAEC) and upregulates cellular levels of gluta- 
thione (GSH). A: BPAEC were plated at 4 X 10 4 cells/35 mm dish for 
48 h before being placed in RPMI-0.1% fetal bovine serum (FBS) for 
24 h and then exposed for 24 h to the presence or absence of 
bleomycin before counting. Under these conditions, BPAEC continue 
to grow slowly for up to 72 h in the absence of serum. Values 
represent means ± SE, n - 5. * Significantly different from the 
control value without bleomycin treatment. B: BPAEC were plated 
at 4 x 10 4 cells/35-mm dish for 48 h before being placed in RPMI- 
0.1% FBS for 24 h and then exposed to bleomycin or H 2 0 2 . Total GSH 
levels were measured after 18 h of treatment. Values represent 
means ± SE, n = 4. * Significantly different from the control. 
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We analyzed total cellular GSH to determine whether 
bleomycin was able to regulate GSH formation. A spec- 
trophotometry assay for total cellular GSH showed 
that both 0.1 and 1.0 |xg/ml of bleomycin caused ap- 
proximately twofold increases within 18 h compared 
with control (Fig. IB). These results were comparable 
with the twofold increase in total cellular GSH induced 
by an 18-h treatment with 100 yM H 2 0 2 , used as a 
positive control (43). 

The enzyme 7-GCS controls the key regulatory step 
in the production of cellular GSH (6, 35, 44). Northern 
blot analysis shows that -v-GCS h mRNA levels are 
upregulated by bleomycin in BPAEC. Figure 2A is a 
representative time course in which 7-GCSh mRNA is 
increased by 30 min in response to 1 |xg/ml of bleomy- 
cin. BSO, an agent known to induce 7-GCSh expres- 
sion, was used as a positive control (44). Our probe for 
7-GCSh is based on rat cDNA, but the bovine size, 
sequence, and, therefore, complementarity to rat 
7-GCSh are not known. The rat mRNA was included as 
a positive control for the position of 7-GCSh (Fig. 2A). 
Densitometry of the representative data showed that 
within 30 min, bleomycin caused a 1.5-fold increase in 
7-GCSh mRNA levels, whereas at 3-6 h bleomycin 
induced a 3-3.5-fold increase (Fig. 2C). BSO exposure 
for 3 and 6 h induced a 2.5- and 2-fold increase in 
7-GCSh mRNA, respectively. 



M Bleomycin 
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Fig. 2. Bleomycin induces increased expression of 7-glutamylcys- 
teine synthetase (7-GCS). BPAEC were grown to confluence and 
treated with bleomycin (1.0 |xg/mi) or buthionine sulfoximine (BSO, 
100 jjlM) for the indicated times before RNA was harvested. A: 
Northern blot for 7-GCS. Rat pulmonary microvascular endothelial 
cell (RPMEC) RNA was used as a positive control for the position of 
7-GCS in the bovine samples. 13: ethidium bromide staining of the 
agarose gel of bovine and rat RNAs. The positions of 28S and 18S 
rRNA are indicated. C: densitometry of a Northern blot for 7-GCS. 
Representative data are shown. 



Bleomycin activates NF-kB and the ARE-binding 
transcription factors Nrf-1 and -2. Studies of human 
7-GCSh gene expression have identified two promoter 
cis elements that are believed to primarily regulate its 
transcription: the kB element and the ARE (6, 16, 17, 
37, 44). Increased expression of 7-GCSh in response to 
ionizing radiation, which produces physical and chem- 
ical damage in addition to inducing the formation of 
ROS, is dependent on NF-kB activation (16). However, 
regulation of 7-GCSh by xenobiotics and ROS-generat- 
ing compounds is believed to occur through the activa- 
tion of proteins that bind to the ARE (17, 37, 44). 
Because bleomycin induces physical damage to cellular 
proteins and DNA while at the same time producing 
ROS, we investigated the activation of DNA binding to 
both kB and ARE. 

A time course of bleomycin treatment showed an 
increase in DNA-binding activity of NF-kB within 1 h 
as monitored by EMSA (Fig. 3A). Densitometric anal- 
ysis showed that bleomycin induced an approximately 
fourfold increase in NF-kB activation in 2 h. This 
increase in NF-kB activity persisted for at least 24 h 
(data not shown). NF-kB is activated in coordination 
with the degradation of its inhibitory subunit, IkB. 
Western blots show that tumor necrosis factor-a in- 
duces rapid degradation of iKB-a within 30 min in 
BPAEC, whereas bleomycin causes a more gradual 
degradation (Fig. 3B). Western blots of NF-kB p65 
subunit were performed as a control, showing that 
levels of the transcription factor are unchanged by 
bleomycin treatment (Fig. 35). Supershift analysis of 
the NF-kB band showed that both the p65 and p50 
subunits are involved in the complex activated by bleo- 
mycin (Fig. 3C). 

A number of factors are believed to bind ARE and 
affect downstream transcription; these include the NF- 
E2-related factors (Nrf) 1 and 2, the Jun protein family 
(c-Jun, Jun-B, and Jun-D), c-Fos, and the Maf protein 
family (c-Maf, hMaf, MafG, and MafK) (7, 8, 14, 17, 23, 
40, 41, 44). Factor binding to the ARE increases with 
bleomycin treatment of BPAEC. EMSA experiments 
detected a > 10-fold increase in the binding of factors to 
a consensus oligo for ARE, which was detected within 
30 min of treatment with bleomycin and persisted for 
at least 24 h (Fig. 4). 

We performed supershift analysis to determine 
which protein(s) was activated in BPAEC by bleomy- 
cin. Preincubation of the nuclear extract with an anti- 
bodies specific for Nrf-1 and -2 decreases the density of 
the shifted 32 P-labeled ARE band (Fig. 5A). Addition- 
ally, the Nrf-2 antibody causes the appearance of an 
ARE-containing band with increased electrophoretic 
mobility. These data indicate that the original EMSA 
band contains Nrf-1 and Nrf-2. Our results further 
suggest that the faster mobility EMSA band, which 
forms in the presence of the Nrf-2 antibody, contains 
another protein bound to the ARE. We have labeled 
this band ARE + X. Importantly, the antibodies di- 
rected against Nrf-1 or -2 do not form complexes di- 
rectly with the ARE in the absence of nuclear extract 
(Fig. 5A, lanes 2 and 3). 
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Fig. 3. Bleomycin activates DNA-binding by nuclear factor (NF)-kB 
and degradation of IkB. A: electrophoretic mobility shift assay 
(EMSA) of protein binding to the kB consensus oligonucleotides. 
Confluent BPAEC were treated with 1 jig/ml bleomycin (Bleo) or 1 
nM tumor necrosis factor (TNF)-a for the indicated times before 
purification of nuclear extracts. EMSA experiments were performed 
as described in experimental methods. EMSAs were repeated at 
least 3 times. The position of NF-kB is indicated. B: Western blots of 
cell lysates after treatment of BPAEC with 1 p.g/ml bleomycin or 1 
nM TNF-a for the indicated times. Top: blotting with antibody 
directed against IkBci. Bottom: same samples blotted using an anti- 
body directed against NF-kB p65 subunit. C: supershifts of NF-kB 
p65 and p50 subunits. Confluent BPAEC were treated with 1 ^g/ml 
bleomycin for 2 h. Nuclear extracts were incubated with 1 jxg of 
antibody against NF-kB p65, NF-kB p50, or both before EMSA was 
performed. Bleo, bleomycin. 



Previous reports have suggested that Nrf-2 may het- 
erodimerize with c-Jun, JunD, MafG, and MafK; these 
proteins contain DNA-binding domains and are capa- 
ble of directly binding the ARE (7, 15, 23, 44). An 



antibody directed against c-Jun did not result in any 
change in the ARE-containing band, suggesting that 
c-Jun is not activated by bleomycin and is not involved 
in Nrf-2 binding to the ARE (Fig. 5B). Antibodies 
directed against c-Fos also caused no change in the 
ARE binding pattern; this factor is believed to be in- 
volved in the inhibition of transcription downstream of 
ARE (40). 

Bleomycin activates ARE-binding via ROS and 
NF-kB via MAPK. Both ARE and NF-kB site binding 
factors are known to be activated through a variety of 
signaling pathways (7, 8, 14, 28, 40, 41, 44, 45). Both 
the overexpression of the ERK1-MAPK and the induc- 
tion of ROS activate NF-kB (16, 24, 28). Studies have 
shown that Nrf-1 and -2 are activated in response to 
ROS, and the inhibition of ERK1/2-MAPK blocks acti- 
vation of ARE-binding factors by xenobiotic compounds 
(17, 40, 44, 45). We previously reported that bleomycin 
activates the ERK1/2 family of MAPKs (5), and it is 
widely believed that bleomycin produces ROS through 
its bound ferrous ion (10, 13, 34, 39). Thus we investi- 
gated whether one or both of these mechanisms down- 
stream of bleomycin lead to the activation of factors 
that bind ARE and/or the NF-kB site. 

BPAEC were pretreated for 30 min with iV-acetyl- 
cysteine (NAC), an antioxidant, or U-0126, an inhibitor 
of MEK1/2 (the kinase upstream of ERK1/2-MAPK). 
Cells were then treated with ± 1.0 jxg/ml of bleomycin 
for 30 min, and nuclear extracts were prepared. EMSA 
shows that whereas NAC inhibited bleomycin activa- 
tion of ARE-binding factors, U-0126 has no effect on 
the activation (Fig. 6A). In contrast, U-0126 blocks 
bleomycin-induced NF-kB activation, whereas NAC 
has little or no effect (Fig. 6B). Pretreatment of cells 
with either NAC or U-0126 for 30 min blocks bleomycin 
upregulation of 7-GCSh mRNA as determined by 
Northern blot analysis (Fig. 6C). 



Time (h) O 



ARE- 



Fig. 4. Bleomycin activates transcription factor binding to the anti- 
oxidant response element (ARE) consensus sequence. Confluent 
BPAEC were treated with 1 jig/ml bleomycin for the indicated times. 
Nuclear extracts were incubated with the consensus oligonucleotide 
for ARE. The position of ARE is indicated with an arrow. EMSA 
experiments were repeated at least 3 times. 
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Fig. 5. Bleomycin activates binding of Nrf-1 and -2, but 
not c-Jun or c-Fos, to the ARE consensus sequence. 
Confluent BPAEC were treated with 1 u-g/ml bleomycin 
(Bleo) for the indicated times before preparation of 
nuclear extracts. A: EMSAs were performed in the 
absence and the presence of antibodies (abs) for Nrf-1 
and/or Nrf-2 with and without nuclear extract (NE). 
Top arrow: the position of bands containing ARE bound 
to Nrf-1 and -2 together with an unknown protein(s) X; 
bottom arrow: the position of ARE bound to unknown 
protein X. B: EMSAs were performed in the absence 
and the presence of antibodies for Nrf-2, c-Jun, or c-Fos. 
Supershift experiments were repeated at least 3 times. 
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DISCUSSION 

The chemotherapeutic agent bleomycin can induce 
pulmonary fibrosis, thus limiting its application in 
cancer treatment in humans. This side effect has been 
utilized in an animal model system to identify cellular 
and molecular changes that occur during the develop- 
ment and progression of pulmonary fibrosis (10, 14, 18, 
20, 21, 26, 27, 29, 30, 34, 38). Despite extensive work 
demonstrating the changes in mRNA and protein ex- 
pression that occur during bleomycin-induced fibrosis, 
comparatively little is known about the mechanism(s) 
of these events. The cytotoxic effects of bleomycin are 
modulated by antioxidants, and we hypothesized that 
bleomycin regulates cellular defenses against oxidative 
stress. 



The present study indicates that in endothelial cell 
culture, treatment with sublethal levels of bleomycin 
(0.01-1.0 jxg/ml) for 18 h causes increased total cellular 
GSH. We also demonstrated that in 30 min, bleomycin 
increases the level of 7-GCSh mRNA, the catalytic 
subunit of 7-GCS that controls the key regulatory step 
in GSH synthesis. Karam et al. (19) previously re- 
ported a —50% decrease in the level of total GSH in 
alveolar T2 cells isolated from Wistar rats treated for 7 
or 14 days with bleomycin. This was accompanied by a 
slight decrease in 7-GCS enzyme levels at 7 days. 
Further experiments are required to determine 
whether the increase in cellular GSH as observed in 
the present study would also occur in vivo after acute 
exposure to bleomycin. 



AJP-Lung Cell Mol Physiol • VOL 282 • JUNE 2002 • www.ajplung.org 



BLEOMYCIN REGULATES -y-GCS EXPRESSION 



L1355 



Inhibitor - - * <P 
Bleomycin . + + + 



B 



ARE- 



Inhibitor 
Bleomycin 



free probe 




NF-kB- 



free probe 




if J* ^ 
* ✓ 

Fig. 6. Bleomycin activation of ARE -binding proteins is dependent 
upon reactive oxygen species (ROS) generation, but activation of 
NF-kB is dependent upon extracellular signal-regulated kinase 
1/2-mitogen-activated protein kinase (ERK1/2-MAPK). Confluent 
BPAEC were pretreated with 10 p,g/ml U-0126 or 20 raM JV-ace- 
tylcysteine (NAC) for 30 min, then treated with 1 u.g/ml bleomycin 
for 30 min before preparation of nuclear extracts. EMSA experi- 
ments were performed as described. A: EMSA using ARE consen- 
sus oligonucleotide. B: EMSA using NF-kB consensus oligonucle- 
otide. Positions of specific bands are indicated. EMSAs with 
inhibitors were repeated at least 3 times. Densitometry of the 
NF-kB band is shown above EMSA. C: total cellular RNA was 
extracted, and Northern blot analysis was performed as de- 
scribed for 7-GCS heavy chain (7-GCSh). Densitometric quantita- 
tion of 7-GCSh mRNA was performed, and control levels were 
normalized between experiments. Data show the mean value (n = 
3, ±SE). 



In response to oxidative or toxic stress, expression 
of the human 7-GCSh is positively regulated at the 
level of transcription by factors binding to both ARE 
and NF-kB promoter elements (16, 17, 40, 41, 44). 
Our EMSA results indicate that bleomycin activates 
both ARE-binding factors and NF-kB in BPAEC 
within 30 min. Although the sequence of the bovine 
7-GCSh promoter has not been reported, Shi et al. 
(32, 33) found that endogenous bovine -yGCSh mRNA 
is increased in BPAEC in response to quinone-in- 
duced oxidative stress, similar to findings in other 
species, including human (44). Therefore, in BPAEC, 



the induced increase of -y-GCSh mRNA by bleomycin 
is consistent with a mechanism involving the induc- 
tion of ARE-binding factors and NF-kB. 

A number of proteins have been shown to bind the 
ARE element, including Nrf-1 and -2 (members of the 
cap 'n' collar subfamily of basic region-leucine zipper 
transcription factors), members of the Jun family 
(c-Jun, JunB, and JunD), and several small Maf 
family proteins (c-Maf, hMaf, MafG, and MafK) (7, 8, 
14, 17, 23, 40, 41, 44). Supershift experiments using 
antibodies directed against Nrf-1 or Nrf-2 caused a 
reduction in the level of the ARE-containing band. 
However, neither the Nrf-1 nor -2 antibodies caused 
the appearance of a supershifted species, suggesting 
that these antibodies dissociate Nrf proteins from a 
complex with ARE. Inclusion of the antibody against 
Nrf-2 caused both the reduction of the original ARE- 
containing band and the appearance of a band with 
increased electrophoretic mobility. The induction of 
a band with faster mobility suggests that complexes 
with Nrf-2 contain at least one additional protein (X) 
and that the new, faster complex contains the ARE 
probe bound to X. The identity of X is currently 
unknown. Other laboratories have shown that Nrf-2 
forms heterodimers with small Maf proteins, includ- 
ing MafG (7, 23, 44, 45) and Jun proteins (44). 
Supershift experiments were performed using anti- 
bodies against c-Jun and c-Fos, but these antibodies 
did not alter the mobility of the ARE complex, indi- 
cating that these proteins are not activated by bleo- 
mycin. 

Nrf proteins have been shown to be activated 
downstream of protein kinase C and the MAPKs 
ERK1/2 and stress-activated protein kinase/c-Jun 
NH 2 -terminal kinase (SAPK/JNK) (14, 44, 45). In 
BPAEC, bleomycin activates p38/HOGl (unpub- 
lished results) and ERK1/2 (5), but not SAPK/JNK 
(unpublished results). Our current data suggest that 
bleomycin activates Nrf-1 and -2 through a mecha- 
nism independent of ERK1/2-MAPK, as the MEK 
inhibitor U-0126 failed to block bleomycin induction. 
Our data showing the inhibition Nrf activation by 
NAC suggest that ROS act as second messengers 
downstream of bleomycin. 

In contrast to Nrf-1 and -2 activation by bleomycin, 
NF-kB activation is blocked by U-0126 but not by the 
ROS-quenching agent NAC, suggesting that the ERK1/ 
2-MAPK pathway is involved. NF-kB activation has 
been shown to occur in response to the overexpression 
of ERK1-MAPK (9, 28). 

In summary, our results indicate that bleomycin 
upregulates GSH and -y-GCS through the activation 
of both ROS- and MAPK-dependent pathways in a 
mechanism that likely involves the induction of 
ARE-binding factors and NF-kB. The use of bleomy- 
cin in animals remains the most useful model system 
for the study of pulmonary fibrosis, and the under- 
standing of mechanisms of bleomycin signal trans- 
duction pathways should help in developing thera- 
peutic strategies. 
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